Abstract
| INTRODUCTION
The right timing of behaviour, daily and seasonally, is essential for survival and reproduction. In most living organisms, many behavioural and physiological processes follow an exact 24-hr rhythm, based on an entrainable, endogenous circadian clock (Aschoff, 1984) . This internal clock runs on an c. 24-hr schedule (from circa = "around" and diem = "day") in the absence of environmental cues (Cavallari et al., 2011; O'Neill et al., 2011; Turek et al., 2005) , but is typically synchronized by the predictable daily variation in natural light levels. For example, diurnal birds generally use changes in light intensities at dawn and dusk to time reproductive activities (e.g. singing), fine-tuning this response using additional environmental and social factors (Davidson & Menaker, 2003) . In many taxa, annual variation in daylength (or "photoperiod") also synchronizes internal circannual clocks (Gwinner, 1986; Wikelski et al., 2008) . For example, in birds, the increase in daylength is responsible for the initiation of gonadal growth before the start of the breeding season, while secondary factors such as temperature and food availability will then fine-tune the start of laying (Dawson, King, Bentley, & Ball, 2001; Lambrechts, Blondel, Maistre, & Perret, 1997) .
Most studies on circadian rhythms concern animals living at temperate latitudes, where night and day are clearly distinct. However, at northern latitudes, animals in spring and summer experience more limited changes in light intensity between day and night or even continuous daylight. Animals living in arctic and subarctic regions thus have to cope with absent or variable light cues to time behaviour. They may rely on plastic circadian clocks, showing entrained behavioural rhythms during the part of the year with sunsets and sunrises and clear twilight phases, and becoming arrhythmic or running on internal, c. 24 hr, "free-running" rhythms during the bright "nights." This is true for some herbivorous species such as rock ptarmigans (Lagopus muta Montin) and Svalbard reindeers (Rangifer tarandus platyrhynchus Vrolik), which switch from diel rhythms to a complete absence of circadian organization during polar days (Stokkan, Mortensen, & Blix, 1986; van Oort et al., 2005) . Such plasticity in timing of behaviour has also been shown in several species of migratory sandpipers breeding in arctic habitats, where the non-incubating sex is active around the clock, whereas the incubating sex switches from continuous activity (arrhythmicity) to entrained 24-hr rhythms during incubation and early chick rearing (Lesku et al., 2012; Steiger et al., 2013) . In biparental shorebirds, socially synchronized incubation rhythms entrainable to 24 hr were also less likely at higher latitudes (Bulla et al., 2016 ). In contrast, other species of mammals (Folk, Thrift, Zimmerman, & Reimann, 2006) and birds (Armstrong, 1954; Cullen, 1954 ) seem less flexible and are able to maintain strict 24-hr rhythms during the arctic spring and summer. This is particularly true for arctic songbirds, such as Lapland longspurs (Calcarius lapponicus L.; Ashley, Schwabl, Goymann, & Buck, 2013; Steiger et al., 2013) or willow warblers (Phylloscopus trochilus L.; Brown, 1963; Silverin et al., 2009 ), but also for songbirds breeding in subarctic regions (Daan & Aschoff, 1975; Holmes & Dirks, 1978; King, 1986; Pohl & West, 1976) . This suggests that there may be a cost of being active all day long, perhaps involving a trade-off with getting sufficient sleep (Kavanau, 1998; Tononi & Cirelli, 2014) . Songbirds may use less precise cues, such as the small fluctuations in light intensity or in ambient temperature that still occur within 24 hr to maintain diel rhythmicity of behaviour (Steiger et al., 2013) . Accordingly, timing of activity appears to be more variable in diurnal birds around the summer solstice near the Arctic Circle compared with their temperate conspecifics at the same time of the year (Daan & Aschoff, 1975; Pohl & West, 1976) , suggesting that the selective pressures on behavioural timing vary across latitudes.
Comparisons of daily rhythms or timing of behaviour across a latitudinal gradient are rare (Bulla et al., 2016 ; see also Hut, Paolucci, Dor, Kyriacou, & Daan, 2013 for a literature review), but needed to understand how organisms cope with different light regimes. This is also important to understand how organisms respond to an increasing disruption of the natural light conditions, linked to human activity.
In the last decades, as a consequence of urbanization, the use of artificial light world-wide has increased and continues to do so (Falchi et al., 2016) . With the proliferation of artificial night lighting across landscapes (Hölker, Moss, Griefahn, Kloas, & Voigt, 2010) , the distinction between day and night has become increasingly blurred, such that now most artificially lighted nights are typically brighter than full moon nights (Gaston, Duffy, Gaston, Bennie, & Davies, 2014) . Besides effects on orientation and attraction, this leads to changes in the natural daily and seasonal timing of physiological processes and behaviours in many taxa. For example, artificial night lighting can modify the seasonal timing of moult in birds and of reproduction in both birds and mammals (Dominoni, Quetting, & Partecke, 2013; Kempenaers, Borgström, Loës, Schlicht, & Valcu, 2010; LeTallec, Thery, & Perret, 2015; Robert, Lesku, Partecke, Chambers, & Robert, 2015) . Birds living in light-polluted areas also show longer active days and more labile circadian clocks than rural conspecifics, as demonstrated in common blackbirds (Turdus merula L.; Dominoni, Helm, Lehmann, Dowse, & Partecke, 2013; Dominoni & Partecke, 2015) .
Dawn singing in songbirds is a prime example of a behaviour that is particularly affected by light conditions. Dawn singing is typically used by males to defend their territory and to assess social relationships with neighbours, and to attract or guard females, or to stimulate their reproductive development (Staicer, Spector, & Horn, 1996) . The daily onset of dawn song is tightly linked with the increase in light intensities occurring during daybreak (Allard, 1930; Hutchinson, 2002; Leopold & Eynon, 1961) , as suggested by the earlier onset during moonlit nights (Bruni, Mennill, & Foote, 2014; York, Young, & Radford, 2014) and the delayed onset during cloudy mornings (Bruni et al., 2014; Da Silva, Samplonius, Schlicht, Valcu, & Kempenaers, 2014) . Accordingly, several songbird species initiate dawn singing earlier relative to sunrise in response to artificially increased night light levels (Da Silva et al., 2014; Kempenaers et al., 2010; Miller, 2006; Nordt & Klenke, 2013) , with possible consequences for individual reproductive success (Kempenaers et al., 2010) . Early-singing species seem particularly affected because they initiate singing at lower thresholds of light intensity than less light-sensitive late-singing species (Thomas et al., 2002) . Such early singers include European robins (Erithacus rubecula L.), which sometimes show continuous singing from dusk to dawn in lighted areas and a strong plasticity of timing of singing in response to artificial light (Da Silva, Valcu, & Kempenaers, 2016) .
Songbirds breeding in urbanized areas may, thus, be reacting to the artificial light in a similar way to birds responding to the arctic nights in spring. Some of the light-sensitive species may become active around the clock because nights are artificially brighter than the light threshold at which they usually start singing, whereas later-singing species may be less plastic and may maintain daily rhythms. Mace (1989) has shown that great tits (Parus major L.) initiate dawn song at roughly the same light intensities during twilight in Finland, Germany and Spain, which implies that they start singing increasingly earlier with latitude, leading to a relatively longer dawn chorus in northern latitudes. However, given the longer twilight period in northern latitudes, great tits started singing later relative to the start of twilight in Finland (Mace, 1989) . In this context, it would be interesting to investigate how the effects of artificial night lighting on the onset of singing vary with latitude. Artificial night lighting may be sufficient to mask the natural light cue even at higher latitudes, and birds may thus start dawn singing earlier relative to sunrise to a similar extent at all latitudes. Conversely, birds breeding in Finland may not start dawn singing any earlier under artificial night lighting because their natural onsets are already relatively early. Until now, most studies dealing with these effects have been conducted at temperate northern latitudes (except Byrkjedal, Lislevand, & Vogler (2012) ; see Table S1 for a list of these latitudes).
The aim of our study was to investigate how songbirds time their daily dawn song during the breeding season depending on variation in natural photoperiod (latitude-and season-dependent) and in response to artificial night lighting. For this purpose, we recorded the onset of dawn song of five common European songbirds differing in their natural onset of singing, during 4 weeks at the peak of the breeding season in three regions spanning almost the entire latitudinal breeding range of the study species. In each region, we selected five suburban sites with artificial night lighting and five control sites with natural light levels. Our main aim is to test the hypothesis that the effect of artificial night lighting varies with season and latitude, but depending on the light sensitivity of the species as reflected in their natural singing times. We expect that the early-singing species (robins and blackbirds) will start dawn singing earlier in areas with artificial night lighting, but only in the two temperate regions where they are exposed to naturally dark nights. In Finland, naturally early-singing species should show strong shifts in their onset of singing along with the seasonal increase in natural night brightness, while no longer being affected by additional artificial light. In contrast, we expect that the three other species, particularly the late-singing blue tits and chaffinches (Da Silva et al., 2014) , will respond less to variation in natural and artificial light conditions such that they maintain similar onsets of singing relative to sunrise and show similar effects of artificial night lighting in all regions. As a secondary aim, we describe the timing of singing not only in relation to sunrise but also in absolute terms (local times). This is interesting, because at northern latitudes, the nights may become so short that other factors than light may influence the start of singing (e.g. the need to sleep).
| MATERIALS AND METHODS

| Study areas
We studied dawn singing in five songbird species, the robin, the common blackbird, the great tit, the blue tit (Cyanistes caeruleus L.) and the common chaffinch (Fringilla coelebs L.; same species as in Kempenaers et al., 2010, and Da Silva et al., 2014) , during the breeding season of 2014 in three regions that differed in natural light conditions at night due to their latitudinal position ( Figure S1 ; similar regions as in Mace, 1989) . (1) Near Oulu, northern Finland (65°N): Oulu is located 173 km below the Arctic Circle, has a subarctic climate (Peel, Finlayson, & Mcmahon, 2007) , and is close to the northern edge of the breeding distribution of the five study species in Europe (69°N for the blue tit, 71°N for the other species). (2) Near Starnberg, southern Germany (48°N): this region has a warm, humid continental climate (Peel et al., 2007) and was chosen to allow comparison with earlier work on timing of singing (Da Silva et al., 2014 . (3) Near Granada, southern Spain (37°N): Granada lies at the foot of the Sierra Nevada mountain range, is characterized by a semi-arid climate (Peel et al., 2007) , and is close to the most southern edge of the breeding distribution of the study species in Europe (37°N for the robin, 35°N for the other species). In each region, we chose 10 forested sites, of which five were exposed to artificial night lighting (for details, see Table S2 and Figure S1 ). We 125.2 ± 128.8; F 2,12 = 2.9, p = .09; Table S2 ). Light glow was similar in all regions (average light intensity at 5 m from the lamp post:
Finland 3.9 ± 3.9 lux, Germany 1.9 ± 1.5, Spain 3.9 ± 2.0, F 2,12 = 0.9, p = .4; Table S2 ).
| Song recordings and data extraction
At each study site, we recorded the dawn chorus using a Song Meter
SM2+
® recorder (Wildlife Acoustics). We placed one recorder on the ground, generally at the base of a tree or of a street light. Recordings (stereo, sample rate 22,050 samples/s) began 4 hr (Finland) and 3.5 hr (Germany and Spain) before local sunrise and stopped 1.5 hr after local sunrise (in all sites). All sound files were stored as wav-files onto Secure Digital High Capacity cards (Laxer ® ), which were collected and replaced every week. A temperature sensor internal to the recorders logged local temperature every 5 min. We recorded from 1 April to 27 May in Finland, from 4 March to 22 April in Germany, and from 4
March to 21 April in Spain.
Data were extracted from sound files using Song Scope ® 4.1.1 (Wildlife Acoustics). We used a low-pass filter of 1 kHz, a high-pass filter of 10 kHz, and an integrated filter that reduces background noise.
For each recording, we noted the exact time of the first song. For the great tit, the blue tit and the chaffinch, this was the first song that could be easily distinguished against the background noise. For the robin and the blackbird, which have further-reaching songs, we used a threshold of −55 dB to define the first local song (−50 dB for blackbirds in one of the lighted sites (S3c ; Table S2 ) to avoid including birds that were singing far away at a higher elevation; based on our own field observations).
For all species, we only considered songs produced before sunrise and for which strophes were repeated at least three times within 5 min. For each recording, we also noted the presence of rain (yes/no) during the 4 hr (Finland) or 3.5 hr (Germany and Spain) prior to sunrise, shown as broad-frequency, low-amplitude, continuous sound bursts.
| Data selection and local conditions
Because the onset of dawn singing changes in relation to the breeding stage (earliest close to the start of egg-laying; Mace, 1987; Cuthill & Macdonald, 1990) , and because songbirds at higher latitudes breed later than those at lower latitudes (Cramp & Perrins, 1994) , we selected comparable periods for each region based on the mean local laying date (day of first egg) of great tits in 2014 (i.e. of the only species for which breeding has been monitored close to our three study regions broods, our own data). In general, laying dates of chaffinches are similar to those of great tits, while blackbirds and robins typically lay a few weeks earlier in the year. Thus, the mean laying dates of the great tit are used here as a relative yardstick only.
During the study period, light conditions at night changed substantially in Finland. Between 25 April and 15 May, the darkest part of the night was nautical twilight (i.e. the phase when the sun is 6°-12° below the horizon). From 16 May onwards, the darkest period was civil twilight (i.e. the phase when the sun is 0°-6° below the horizon, characterized by relatively high natural light levels). During this period, street lights were switched off in one of the lighted sites (F4 L ; Table S2 ), so we excluded this site from the analysis from 16 May onwards (N = 11 recorder days). In Finland, the night was so short at the end of the recording period that it was difficult to distinguish the dawn from the dusk chorus ( and in the duration of the twilight phases (shorter in Spain).
During the analysed period, lighted sites were warmer than control sites in Spain (Mann-Whitney U test: lighted sites 11.5 ± 0.8°C, control sites 8.8 ± 1.7°C, U = 2, p = .03), but not in Finland (lighted 4.7 ± 2.4°C, control 4.9 ± 1.3°C, U = 12, p = 1.0) or in Germany (lighted 5.3 ± 0.9°C, control 5.0 ± 2.2°C, U = 10, p = .7; Table S2 ).
Although all study species are known to breed in each of the three regions (Clergeau, Croci, Jokimäki, Kaisanlahti-Jokimäki, & Dinetti, 2006; Evans et al., 2009; Fargallo, 2004; Silverin, Massa, & Stokkan, 1993) , the species were not equally abundant in our dawn chorus recordings (see Table S3 for sample sizes). For example, robins and blackbirds were less abundant in lighted sites in Spain and in Finland, respectively, whereas blue tits were less abundant in control sites in Spain.
| Statistical analyses
All statistical analyses were performed with the r 3.1.1 software (R Development Core Team, 2014). For each species separately, we ran linear mixed-effects models (LMMs fit by ML), r-package nlme (Pinheiro, Bates, DebRoy, & Sarkar, 2013) , with "Site" as a random effect. "Onset of singing" (in minutes before sunrise) was the dependent variable and presence of artificial light ("Light": yes/no), "Region" (Finland, Germany, Spain), day relative to first egg ("Date", intercept = mean date of first egg in the local great tit population), "Rain" (yes/no), and "Temperature" (at sunrise, in °C) were the explanatory variables. Rather than using absolute values for temperature, we instead used the residuals of a linear regression against "Region" and "Date" (with "Site" as a random factor and "Date" as a random slope) because temperature and date were strongly correlated overall (Spearman, n = 25 days, r s = .87, p < .001). We tested our prediction that the onset of the dawn song would be differently affected by artificial light and date in the three regions by adding the interactions between "Light" and "Region," and "Region"
and "Date" to the models. We kept these interactions in the final models when p < .10, and we used post hoc tests (correcting for multiple testing within each model using the multcomp package; Westfall, Tobias, Rom, Wolfinger, & Hochberg, 1999) to compare effects between regions (Germany and Spain relative to Finland, and Spain relative to Germany). Akaike's information criteria approach for model selection gave similar results (details not shown).
Weather conditions had no or only a small effect on the onset of dawn song (Table 1) . Blackbirds started singing later during rainy mornings, whereas blue tits initiated the dawn chorus earlier on warmer days (Table 1) .
We corrected for temporal autocorrelation in all models with the correlation structure corARMA (Box, Jenkins, & Reinsel, 2013 The fit of all models was assessed by visual inspection of the residuals. For the robin and the blackbird, "Onset of singing" was logtransformed to meet the assumptions of residual normality. Analysis using the raw data led to qualitatively similar results (details not shown). There was no evidence for a quadratic relationship of "Onset of singing" with "Date" based on inspection of model residuals vs.
"Date." We report the R 2 of each final model to assess their absolute predictive quality (Nakagawa & Schielzeth, 2013) . All statistical tests are two-tailed.
| RESULTS
| Relative timing of dawn song in relation to latitude and season
The mean onset of dawn song relative to sunrise differed between regions in the robin, the blackbird, and the blue tit, but not in the great tit and the chaffinch (Table 1 and Figure 1 ). Robins and blackbirds started their dawn song much earlier relative to sunrise in Finland than in Germany or Spain, whereas blue tits started singing earlier in Germany than in Finland (Figure 1 ).
In Finland, but not in Germany and Spain, robins and blackbirds started dawn singing earlier as the season progressed (interaction between "Region" and "Date"; Table 1 and Figure 1 ). In the blue tit, a similar seasonal effect was observed, but only in Spain, whereas in the chaffinch, the onset of dawn singing became earlier with the season in all regions, but less markedly in Spain (interaction between "Region"
and "Date"; Table 1 and Figure 1 ).
| Absolute timing of dawn singing
In absolute terms, all birds started singing much earlier with increasing latitude, following the increase in daylength (Figure 2 , robins and great tits shown as examples for early and later singers, respectively;
see Figure S2 for the other species). Interestingly, the light conditions at which robins and great tits started singing apparently differed between the regions. In Germany and Spain, robins and blackbirds initiated dawn singing before civil twilight, whereas in Finland, they only started after the beginning of civil twilight ( 
| Effects of artificial night lighting
Artificial night lighting led to a significantly earlier onset of dawn singing relative to sunrise in all five species (Table 1) . However, in the blackbird, the light effect differed according to the region (interaction between "Light" and "Region"; Table 1 and Figure 1 ): blackbirds showed earlier singing in the lighted sites in Germany (significant) and in Spain (main effect not significant, p = .2), but not in Finland (note, however, the low sample size in the lighted Finnish sites; Table S3 ).
The robin shows similar patterns to the blackbird (Figure 1 ), but the interaction between "Light" and "Region" was not significant (p = .2; Table 1 ). However, when we leave the interaction in the model, effect sizes suggest earlier singing in the lighted sites in both Germany (−23.1 ± 8.9, z = −2.6, p = .08) and Spain (−22.9 ± 14.3, z = −1.6, p = .6; note, however, the low sample size in the lighted Spanish sites; Table S3 ), but not in Finland (−3.0 ± 9.6, z = −0.3, p = 1.0). In contrast to the robin and the blackbird, in the great tit, blue tit and chaffinch, artificial night lighting led to earlier singing in all regions (Table 1 and 
| DISCUSSION
Our results show a diversity of behavioural responses to the presence of artificial night lighting under varying natural light conditions in five common songbird species. Most notably, light effects on the onset of dawn singing are not necessarily consistent across latitudes. First, the robin and the blackbird showed earlier singing times during spring in Finland compared with Germany and Spain, with particularly earlysinging times when natural light levels became high at night (Table 1 and Figure 1 ). High natural night light levels probably explain why no additional effects of artificial light on singing onset were found in these species in Finland, in contrast with the clear effect of artificial night lighting in the other two regions (Table 1 and Figure 1) . Second, the great tit, the blue tit, and the chaffinch showed remarkably similar onsets of dawn singing relative to sunrise in the three study regions, and a significant effect of artificial night lighting in all regions (Table 1 and Figure 1 ). Our results, thus, show that artificial night lighting also affects the timing of dawn singing during spring at higher latitudes, at least in these later-singing species. Finally, we found that in all regions all species tracked the times of local sunrise to start singing ( Figure 2 and Figure S2 ), most likely resulting in longer days of activity with Lighted sites compared with control sites. c Rainy days compared with non-rainy days.
T A B L E 1 (Continued) increasing latitude, and raising the question of the costs of extended activity.
| High plasticity of singing in the early singers
In Finland, from mid-May onwards, we observed that the first robin and blackbird songs occurred either at the beginning of our arbitrary recording limit (i.e. 1.5 hr after sunset), implying continuous singing from dusk to dawn, or after a short, quiet, nocturnal phase. This is in accordance with the strong seasonal decrease in onset of dawn singing visible in Figure 1 and the strong variation in singing onsettimes visible in Figure 2a and suggests that daily rhythms are relatively plastic in these two species. The robin and the blackbird naturally started singing during the low light levels of the nautical twilight at temperate latitudes (Figure 2b ,c and Figure S2b,c) . Thus, the excess of natural light following the disappearance of the nautical twilight from mid-May in Oulu (Figure 2a and Figure S2a) , coupled with the short duration of the night, may have been responsible for their almost continuous singing activity during late spring. Interestingly, other species from the Muscicapidae (e.g. the whinchat (Saxicola rubetra L.) and the bluethroat (Luscinia svecica L.)) and Turdidae (e.g. the redwing (Turdus iliacus L.), the fieldfare (Turdus pilaris L.,) and the song thrush (Turdus philomelos Brehm)) families have been reported to be active around the clock during the summer polar days (Armstrong, 1954; Brown, 1963; Paatela, 1938) . In addition, our and previous studies (Da Silva et al., 2014 Fuller, Warren, & Gaston, 2007; Nordt & Klenke, 2013) reported early dawn choruses, and sometimes nocturnal singing (albeit less frequently), during artificially lighted nights in temperate regions, which suggests that the robin and the blackbird may sometimes respond to artificial light in a similar way than to variation in natural photoperiod in latitudes further north. In this study, however, light effects were only significant (after correction for multiple testing) in the blackbirds recorded in Germany, even though the main light effect was significant for both species, and the effect sizes for each region were large and in the expected direction. Finally, there were no artificial light effects on onset of singing in Finland, probably due to the decreased contribution of artificial night lighting to total illumination during spring (Table 1 ; Figures 1 and 2a ; Figure S2a) . Thus, our results show that for these early-singing species, the effects of artificial light are not consistent across latitudes and depend on local natural light conditions.
| Lower plasticity of singing in the later singers
In contrast to the early singers, the great tit, the blue tit, and the chaffinch were less flexible in their behavioural responses to variations in light conditions (Figures 1 and 2a ; Figure S2d ,g). They significantly started singing earlier under artificial light but to a similar extent at all F I G U R E 1 Mean daily onset of dawn song relative to sunrise for five songbird species during a 25-day period (starting 18 days before the mean local clutch initiation date for great tits, see Section 2 for details). Data are shown from the naturally earliest singer on the left to the latest singer on the right. Each colour represents a region, and lighter colours represent the sites with artificial night lighting as indicated on the graph. For illustrative purposes, a regression line is fitted for each region and for lighted vs. control sites Relative date Mean onset of dawn song (min. relative to sunrise) Finland: light Finland: control Germany: light Germany: control Spain: light Spain: control latitudes, and without night singing like in the robin and the blackbird.
The strongest overall shift relative to natural timing was observed in the great tit (35 min on average). Under artificial night lighting, great tits in Germany and Spain sang even earlier relative to sunrise than some robins or blackbirds (Figure 1 ), but never as early as the earliest robin (Da Silva et al., 2016; Fuller et al., 2007) or blackbird (up to 5 hr earlier, Nordt & Klenke, 2013) . The three later-singing species also seemed to maintain more or less consistent onset-times relative to sunrise during spring across latitudes. This was clearest in great tits and chaffinches and corresponded to increasingly later times relative to the start of civil twilight from Spain to Finland (Figure 2d -f and Figure S2g -i), as observed previously (Mace, 1989) . Because light intensities increase more slowly during civil twilight at higher latitudes (Mace, 1989) , the birds may still have sung at similar light intensities at all latitudes, as observed by Mace (1989) . However, given that the great tits in Spain, or even the blue and great tits in Germany, sometimes naturally sing into astronomical twilight, they may actually start singing at lower light intensities in these regions than in Finland (as suggested by the later-singing times of the Finnish compared with the German blue tits; Table 1 ). Finnish birds may use small variation in natural light levels to time singing during the bright nights (Silverin et al., 2009; Steiger et al., 2013) , or they may have responded to other cues such as light spectral composition (Krüll, 1976a; Pohl, 1999) , ultraviolet light (Pohl, 1992) , the azimuthal position of the sun (Krüll, 1976b) , ambient temperature (Ashley et al., 2013) , or food availability (Hau & Gwinner, 1992) . In the lighted urban environment, other cues such as noise pollution (Fuller et al., 2007; Nordt & Klenke, 2013 ) may synchronize daily singing in the absence of photic cues. Persistent but low-amplitude melatonin cycles during the night (Ashley et al., 2013; Hau, Romero, Brawn, & Van't Hof, 2002; Steiger et al., 2013) , due to the suppressive action of the artificial night lighting, may have facilitated synchronization to weaker Zeitgebers (Abraham, Gwinner, & Van't Hof, 2000; Hau & Gwinner, 1994; Gwinner, Hau, & Heigl, 1997) . 
| Costs of early singing
Apart from phylogenetic constraints, several ultimate mechanisms may explain the lower behavioural plasticity of the great tit, the blue tit, and the chaffinch. Beale, Whitmore, and Moran (2016) suggest that the circadian clock's control of the rhythmicity is plastic and may only be employed when beneficial for the species. Maintaining rhythmicity under continuous light conditions may thus be adaptive for these species. Great tits, blue tits, and chaffinches may never sing throughout the night (Figure 2 and Figure S2 ), even if they would be awake, perhaps because singing comes with higher costs than in other species (e.g. relatively higher predation risk, more severe energetic constraints or higher costs of sleep loss). Interestingly, the chaffinch has one of the longest resting phases (5-6 hr) of all songbirds breeding at higher latitudes, contrary to robins and thrushes (Paatela, 1938) , indeed suggesting that sleep may be more important for this species.
Furthermore, the great tit seemed to show its earliest onset of singing relative to sunrise in the lighted sites in Spain (Figures 1 and 2d-f ), perhaps because longer nights in Spain compared to the more northern latitudes still allowed sufficient sleep.
At the three latitudes, the five study species started daily singing often around similar times before sunrise. However, because sunrise is increasingly earlier with increasing latitude, substantial differences in the absolute beginning of dawn singing between the locations exist.
For example, birds would start 3-4 hr earlier in Finland than in Spain and 1 hr earlier in Germany than in Spain (Figure 2 and Figure S2 ).
Assuming that the birds also went to roost around the same time relative to sunset and that they did not sleep during the rest of the day, this implies that active days became increasingly longer with latitude.
Our data suggest that robin and blackbird males may have been active around the clock during several consecutive days in Oulu. This seems to challenge the notion that a fixed amount of sleep is vital in animals (Siegel, 2009) . However, several studies show that earlier or increased activity during the breeding season, and hence reduced sleep, may be adaptive (Greives et al., 2015; Lesku et al., 2012; Poesel, Kunc, Foerster, Johnsen, & Kempenaers, 2006) . Alternatively, birds may avoid the costs of sleep loss by using adaptive compensatory behaviours such as resting more later during the day (Mace, 1989) or roosting earlier relative to sunset (Mace, 1989; Pohl & West, 1976) .
Birds singing at night in light-polluted areas may similarly compensate for sleep loss or disruption due to artificial light (Raap, Pinxten, & Eens, 2016) by decreasing activity during the day, as indicated in a recent aviary experiment (de Jong et al., 2016) .
| CONCLUSIONS
We found that several species of songbirds differently adjusted their daily rhythms of dawn singing to variation in light conditions, both natural and artificial. In the robin and the blackbird, the seasonal increase in natural light levels in Oulu masked any effects of artificial night lighting on the onset of dawn song, whereas such effects were consistent during the analysed period across all latitudes in the three other species. Resident birds at temperate latitudes appear to develop dawn (and dusk) singing earlier in the year in light-polluted habitats compared with rural areas (Da Silva, Valcu, & Kempenaers, 2015) , perhaps associated with an earlier breeding season (Dominoni, Quetting, et al., 2013) . Effects of artificial night lighting on the breeding phenology and on the seasonal development of (dawn) singing remain to be investigated on a wider latitudinal scale. We expect a stronger seasonal advance shift at higher latitudes, because (1) resident birds will be exposed for a longer period to artificial light during the long winter nights with potential associated changes in hormone levels (Dominoni, Quetting, et al., 2013) and may thus show stronger hormonal alteration, and (2) perhaps also because these birds may be more sensitive to photoperiodic cues (Perfito et al., 2012; Pohl & West, 1976; Silverin et al., 1993) . However, other factors such as temperature and food availability may come into play and reduce the magnitude of the seasonal effect. It would also be interesting to investigate how birds cope with the minimal seasonal variation in natural light conditions closer to the equator (Hau, 2001) . We expect that artificial night lighting will have no effect on the daily timing of singing in those tropical passerines which rely on non-photic cues to regulate breeding (see Dorado-Correa, Rodríguez-Rocha, & Brumm, 2016) , but stronger effects in those species that remain photoperiodic at tropical latitudes (Hau, Wikelski, & Wingfield, 1998) .
